Correspondence: Fengyuan Piao (piaofengyuan2018@163.com) Because precise mechanism for 2,5-hexanedione (HD)-induced neuronal apoptosis largely remains unknown, we explored the potential mechanisms both in vivo and in vitro. Rats were intraperitoneally exposed to HD at different doses for 5 weeks, following which the expression levels of nerve growth factor (NGF), phosphorylation of Akt and Bad, dimerization of Bad and Bcl-xL, as well as the release of cytochrome c and the caspase-3 activity were measured. Moreover, these variables were also examined in vitro in HD-exposed VSC4.1 cells with or without a PI3K-specific agonist (IGF-1), and in HD-exposed VSC4.1 cells with or without a PI3K-specific inhibitor (LY294002) in the presence or absence of NGF. The data indicate that, as the concentration of HD increased, rats exhibited progressive gait abnormalities, and enhanced neuronal apoptosis in the rat sciatic nerve, compared with the results observed in the control group. Furthermore, HD significantly down-regulated NGF expression in the rat sciatic nerve. Moreover, suppression of NGF expression inhibited the phosphorylation of Akt and Bad. Meanwhile, an increase in the dimerization of Bad and Bcl-xL in mitochondria resulted in cytochrome c release and caspase-3 activation. In contrast, HD-induced apoptosis was eliminated by IGF-1. Additionally, NGF supplementation reversed the decrease in phosphorylation of Akt and Bad, as well as reversing the neuronal apoptosis in HD-exposed VSC4.1 cells. However, LY294002 blocked these effects of NGF. Collectively, our results demonstrate that mitochondrial-dependent apoptosis is induced by HD through NGF suppression via the PI3K/Akt pathway both in vivo and in vitro.
Introduction
N-Hexane, a non-polar solvent, is widely regarded as a cheap, easily evaporated, largely unreactive chemical that is used in many industrial processes. Occupational toxicological studies have shown that n-hexane is harmful to the nervous system of those who have exposed to it [1] [2] [3] . Chronic exposure to n-hexane induces peripheral neuropathy in both humans and animals [4] [5] [6] . 2,5-Hexanedione (HD), an endogenous metabolite of n-hexane, has been identified as a pathogenic agent of n-hexane neurotoxicity [7, 8] . Public-health is indeed faced with threats of citizen exposure to n-hexane and HD more and more regularly. There is growing evidence that HD induces apoptosis in neurons or its derived cell lines. For instance, it has been reported that exposure to HD at a low-concentration induces apoptosis in murine dorsal root ganglion neurons [9, 10] . In addition, the level of apoptosis increases in SK-N-SH cells (human neuroblastoma) following exposure to HD [11] . Additionally, our previous study demonstrated that apoptosis increases in the rat spinal cord upon exposure to HD [12] Moreover, a morphological study of neuronal populations indicated that HD causes a marked reduction in cell numbers and an associated reduction in cell size [10] . Taken together, these results suggest that HD induces neuronal apoptosis, which The defects were rated accordingly, based on the extent of the gait abnormality as follows: a score of 1 represents a normal, unaffected gait, while scores of 2, 3 and 4 represent a slightly affected gait, a moderately affected gait and a severely affected gait, respectively. Double-blinded experiments were performed by a well-trained observer who was not involved in any previous animal care or 2,5-HD exposure, and hence was assigned for behavioral evaluation. Three successive measurements were averaged for each 2,5-HD-exposed or control rats [35] .
VSC4.1 motor neuron cell culture
Motor neurons that originated from the Ventral sciatic nerve 4.1 (VSC4.1) [35, 37, 38] were produced and cultured. Briefly, embryonic motor neurons from the rat ventral sciatic nerve were fused with mouse neuroblastoma cells (N18TG2), which were grown at 37 • C in poly-L−ornithine coated flasks in a 5% CO 2 incubation system. The culture media for these cells were composed of a mixture of 10 ml DMEM (Sigma, St. Louis, U.S.A.), 15 
HD exposure in VSC4.1 cells
To determine the effect of HD on the NGF expression in vitro, VSC4.1 cells were divided into three groups, including one control group (normal medium) and two experimental groups (treated with 5 or 10 mM HD), and the expression level of NGF was examined.
To determine whether HD induces apoptosis via PI3K/Akt signaling pathway, VSC4.1 cells were cultured with DMEM containing 2% FBS for 24 h. The cells in each group were then exposed to 10 mM HD, 10 mM 2,5-HD plus 50 ng/ml IGF-1 or DMEM medium without HD, respectively. Apoptosis markers including Bad, Bcl-xL, cytochrome c, p-Bad, and markers for PI3K/Akt signaling pathway including Akt and p-Akt, were examined.
To determine whether the effect of NGF on HD-induced apoptosis was mediated by the PI3K/Akt signaling pathway, VSC4.1 cells were cultured with DMEM containing 2% FBS for 24 h. The cells in each group were then exposed to 10 mM HD, 10 mM HD plus 50 μg/l NGF, 10 mM HD plus 50 μg/l NGF and 25 μM LY294002, or DMEM medium without HD, respectively. Apoptosis markers including Bad, Bcl-xL, cytochrome c, p-Bad and PI3K/Akt signaling pathway markers including Akt and p-Akt, were then examined.
TUNEL assay
An In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) was used for both VSC4.1 cells and 5-μm sections of rat sciatic nerve. The TUNEL-positive neurons were subsequently detected using a fluorescence microscope (×400 magnification). Six fields in each well or each section were randomly selected, and the apoptosis index (AI) was calculated using the following equation: AI = (number of TUNEL-positive neurons / total neuron number [DAPI]) × 100%.
Immunofluorescence
VSC4.1 cells were fixed through incubation with a 4% paraformaldehyde solution for 10 min, followed by 0.3% TritonX-100 solution for 5 min and 10% goat serum albumin blocking solution at room temperature for 1 h. After the appropriate preparations, the cells were incubated with the primary antibody against Cyt c (1:500, Abcam, Cambridge, U.K.) at 4 • C overnight, followed by an incubation with the secondary antibody labeled with Alexa Fluor 488 (Jackson, West Grove, U.S.A.) at room temperature for 45 min. Before mounting, cells were incubated for 5-min in 5 μg/ml DAPI solution. All images were captured using an Olympus DP72 fluorescence microscope (Olympus, Japan) with a mounted camera. The objective that was used for all image acquisition was selected to detect Cyt c release in VSC4.1 cells. Excitation and emission wavelengths for Cyt c were 488/525 nm, and 360/460 nm for DAPI. The sections were covered by glycerine, and the magnification is ×100 or ×200.
Isolation of mitochondrial and cytosol protein
A tissue Mitochondria Isolation Kit (Beyotime, Shanghai, China) was used to specifically isolate the mitochondria from the rat sciatic nerve. The sciatic nerve was homogenized in Reagent A of the kit at a ratio of 10 μl/mg (tissue weight). The mixture was centrifuged (600 g) for 5 min, an additional centrifugation (11000 g) was repeated on the supernatant obtained for another 10 min at 4 • C. The pellets were resuspended and were centrifuged again according to above procedures. The cytosol fraction (supernatant) was finally collected and transferred to a new preservation tube.
Co-immunoprecipitation
Approximately 100 μg of the mitochondrial fractions that were isolated from VSC4.1 cells or the rat sciatic nerves were used for co-immunoprecipitation (Co-IP). A mixture of protein A sepharose and protein G sepharose (protein A + G sepharose; 20 μl; Beyotime, Shanghai, China) was added to these samples for a 30-min incubation at 4 • C. Following incubation, the mixture was centrifuged (12000 g) for 10 min. The supernatant that was obtained was then incubated with the primary antibody against Bcl-xL (2 μg; 1:1000) and 15 μl of protein A + G sepharose (50% slurry) for 5 h at 4 • C. Another round of centrifugation (12000 g) was then performed for 1 min and the supernatant was collected and transferred to a new preservation tube for Western blot analysis. 
Western blot

Detection of caspase-3 activity
The lysis buffer supplied with the caspase-3 activity kit (Beyotime, Shanghai, China) was used to isolate caspase-3 from VSC4.1 cells or rat sciatic nerve. The assay of caspase-3 activity was measured in a 96-well plate by adding 40 μl lysis sample to 50 μl reaction buffer containing 1% NP-40, 20 mM Tris-HCl (pH 7.5), 137 mM NAD and 10% glycerol, which was supplemented with 2 mM caspase-3 substrate (Ac-DEVD-pNA; 10 μl) at 37 • C for 2 h. The result of each specific example was obtained by measuring the absorbance at 405 nm in a microplate reader.
Statistical analysis
All statistical analyses were carried out using SPSS 13.0 statistical software. The results are expressed as mean + − standard deviation (S.D.). The results from different groups were compared using one-way ANOVA, followed by LSD or Dunnett's multiple comparison tests. A P-value less than 0.05 was accepted as being statistically significant. All experiments involving cell detection were performed in triplicate, and all tissue assays were repeated for three times.
Results
Behavioral assessment of rats exposed to HD
The results of neurobehavioral observations in four groups of rats are shown in Figure 1A -D. No abnormal behavioral phenotypes were observed in the control group during the experiment. Conversely, administration of 400 mg/kg HD treatment for 5 weeks caused a severely abnormal gait (dragging hind limbs, inability to rear and even paralysis of limbs) in these rats. Administration of 200 mg/kg HD treatment for 5 weeks caused a similar but less severe phenotype in rats. The rats that were exposed to 100 mg/kg HD for 5 weeks exhibited only tip-toe walking, slight ataxia and foot splay. Moreover, as shown in Figure 1E , the gait scores of the rats in the experimental groups gradually increased from the second week after HD administration and were dose-dependently elevated. At the end of the experiment, the average gait score value of the rats was 1.00 in the control group, 1.84 in the group treated with 100 mg/kg HD, 2.80 in the group treated with 200 mg/kg HD and 3.75 in the group treated with 400 mg/kg HD, respectively. There were significant differences in the gait score between the experimental groups and the control group (P<0.05), revealing that HD induced neurological defects in rats. Behavioral assessment of animal model exposed to HD (A) Rat in control group. (B) Rat in group exposed to 100 mg/kg HD. (C) Rat in group exposed to 200 mg/kg HD. (D) Rat in group exposed to 400 mg/kg HD. (E) Gait scores of rats in all groups. a P<0.05, compared with the control group results; b P<0.05, compared with the results of the group that was exposed to 100 mg/kg HD; c P<0.05, compared with the results of the group that was exposed to 200 mg/kg HD.
The effect of HD on mitochondrial-dependent apoptosis in the rat sciatic nerve
Apoptotic neurons in rat sciatic nerve were detected as TUNEL-positive cells (Figure 2A ). The number of TUNEL-positive cells in the sciatic nerve of HD-exposed rats was higher than that of the control group. Moreover, the apoptosis index was 5.1 + − 0.38%, 9.2 + − 0.51% and 12.8 + − 0.47% in the groups exposed to 100, 200 and 400 mg/kg of HD, respectively. These values were significantly higher than that of the control group (0.1 + − 0.21%; P<0.05; Figure  2B ). However, almost no TUNEL-positive cells were detected in the control group.
Mitochondrial apoptosis, which plays a pivotal role in neuronal survival, is associated with the release of Cyt c from the mitochondria and caspase-3 activation. Our results show that the expression level of Cyt c in the mitochondria was significantly lower in the groups that were exposed to HD than those observed in the control group. Meanwhile, the Cyt c expression level obtained from the cytosolic fraction was markedly higher in the rat sciatic nerve that was exposed to HD than in the control group. Accordingly, Cyt c expression level was reduced by approximately 64% of the control value in the group that was treated with 400 mg/kg HD ( Figure 2D ). HD-induced neurotoxicity also increased caspase-3 activity in the rat sciatic nerve, and the activity was increased by approximately 125% in the group that was treated with 400 mg/kg HD ( Figure 2C ). by Western blot analysis in the mitochondria or cytosolic fractions and their quantifications. a P<0.05, compared with the control group results; b P<0.05, compared with the results of the group exposed to 100 mg/kg HD; c P<0.05, compared with the results of the group exposed to 200 mg/kg HD.
The effect of HD on the expression of Akt, p-Akt, Bad and p-Bad in the rat sciatic nerve
The expression levels of apoptotic genes, such as Akt, p-Akt, Bad and p-Bad, were tested by Western blot analysis ( Figure 3A,B) . The expression levels of Akt and Bad in the rat sciatic nerve tissue were not significantly different between the HD-exposed groups and the control group (P>0.05). The expression levels of p-Akt and p-Bad, however, were significantly lower in rats that was exposed to HD than in the control group (P<0.05). Accordingly, the expression levels of p-Akt and p-Bad were reduced by 55% and 50%, respectively, in the group that was treated with 400 mg/kg HD compared with the results in the control group. This effect was considered to be dose-dependent.
To evaluate the protein interaction in the mitochondrial fraction of the sciatic nerve, Co-IP of Bad with Bcl-Xl, which is regarded as an anti-apoptotic protein, was performed ( Figure 3C ). Bcl-Xl (IP: Bcl-xL) and BAD (WB: Bad) in the lysate were measured by Western blot analysis as an internal control before Co-IP, respectively. The dimerization of Bad and Bcl-xL was significantly higher in the mitochondrial fraction of the rats from the experimental groups (C) Detection of dimerization level of Bad/Bcl-xl from the mitochondria of the rat sciatic nerve tissue using Co-IP. a P<0.05, compared with control group results; b P<0.05, compared with the results of the group exposed to 100 mg/kg HD; c P<0.05, compared with the results of the group exposed to 200 mg/kg HD. than in the control group. Accordingly, dimerization of Bad and Bcl-xL was increased by approximately 65% in the group that was treated with 400 mg/kg HD compared with the control values.
The effects of IGF-1 on HD-induced mitochondrial apoptosis via the PI3K/Akt/Bad signaling pathway
To determine whether HD-induced mitochondrial apoptosis via the PI3K/Akt/Bad signaling pathway, effects of IGF-1 (a PI3K-specific agonist) on the expression levels of Akt, p-Akt, Bad and p-Bad proteins were tested in VSC4.1 cells exposed to HD (Figure 4A,B) . Moreover, apoptosis, caspase-3 activity and Cyt c expression were also examined in the .05, compared with the results of the group exposed to 10 mM 2,5-HD; c P<0.05, compared with the results of the group exposed to 10 mM 2,5-HD + 50 μg/l NGF. Figure 4D-G) . The results showed that HD significantly down-regulated the expression levels of p-Akt and p-Bad, and decreased the dimerization level of Bad with Bcl-xL in the mitochondria ( Figure 4C ) compared with the levels that were observed in the VSC4.1 cells control group (P<0.05). The apoptosis, caspase-3 activity and Cyt c expression were markedly higher in the VSC4.1 cells that were exposed to HD than in the control group. Moreover, this particular drug-induced apoptosis in VSC4.1 cells, which was induced by HD, was rescued by IGF-1 administration. Accordingly, the expression levels of p-Akt and p-Bad increased by approximately 114% and 125%, respectively, compared with the control values, in the group treated with 10 mM 2,5-HD + 50 ng/ml IGF-1; while the dimerization levels of Bad with Bcl-Xl, caspase-3 activity and number of apoptotic cells were reduced by approximately 50%, 45% and 86%, respectively, compared with the results in the group that was treated with 10 mM 2,5-HD.
VSC4.1 cells, respectively (
The effect of HD on NGF in the rat sciatic nerve tissue and VSC4.1 cells
The NGF protein expression in the rat sciatic nerve was analyzed by Western blot analysis ( Figure 5A ). The NGF protein expression in the rat sciatic nerve was significantly lower in the experimental group than in the control group. In particular, NGF expression in the group that was treated with 400 mg/kg HD reduced by approximately 39% compared to the control (P<0.05). In vitro study was also performed using VSC4.1 cells. The expression level of NGF protein was significantly lower in the HD-exposed VSC4.1 cells than in the control group. Accordingly, NGF expression in the group treated with 10 mM HD reduced by approximately 62% compared with the control ( Figure  5B ).
The effects of NGF on HD-induced mitochondrial-dependent apoptosis via the PI3K/Akt pathway
The expression levels of Akt, p-Akt, Bad and p-Bad proteins in VSC4.1 cells that were exposed to HD were tested by Western blot analysis (Figure 6A,B) . The results show that the expression levels of the p-Akt and p-Bad were significantly lower in the HD-exposed cells than in the control group (P<0.05). In cells exposed to HD, NGF administration lead to a significant reinduction of p-Akt and p-Bad expression compared with that observed in the HD-exposed cell group (P<0.05). The antagonistic effects of NGF were inhibited by the addition of LY294002, which abolished PI3K/Akt signaling by directly inhibiting PI3K. These results indicate that NGF administration activated the PI3K/Akt signaling pathway in the VSC4.1 cells that were exposed to HD. To examine whether NGF antagonizes HD-induced apoptosis via the PI3K/Akt signaling pathway, we investigated the apoptosis, caspase-3 activity and Cyt c expression in VSC4.1 cells, respectively ( Figure 6C-F) . Apoptosis, caspase-3 activity and Cyt c release were significant higher in in VSC4.1 cells that were exposed to HD than in the control group. However, NGF supplementation attenuated these increases in the HD-exposed VSC4.1 cells. Moreover, the capacity for NGF to attenuate this effect was reversed by LY294002. The expression levels of p-Akt and p-Bad were reduced by approximately 32% and 30%, respectively, compared with the control, in groups that were treated with 10 mM 2,5-HD + 50 μg/l NGF + 25 μM LY29400; while caspase-3 activity and number of apoptotic cells were increased by 75% and 600%, respectively, in comparison with the group treated with 10 mM 2,5-HD + 50 μg/l NGF.
Discussion
n-Hexane, an important non-polar solvent, is widely used in global manufacturing industries. The main natural metabolite of n-hexane in vivo is HD, which is commonly regarded to be directly involved in the neurotoxicity and neurodegenerative diseases that are mediated by n-hexane. It has been well documented that n-hexane and HD cause toxic neuropathies and impairments in the central and peripheral nervous systems of humans and animals [4] . In our study, rats that were exposed to a low dose of HD (100 mg/kg) exhibited toe-tip walking and mild ataxia. These symptoms were not observed in the control group. In addition, the rats in the group exposed to a higher dose of HD (400 mg/kg) exhibited symptoms of slaying feet, dragging hind legs and inability to rear. Moreover, the rats in the group exposed to 200 mg/kg HD also showed similar but less severe phenotypes, compared with those rats exposed to 400 mg/kg HD. Taken together, our results indicate that HD is involved in the emergence of neuropathies in the rats.
Neuronal apoptosis plays an important role in the homeostasis of the central and peripheral nervous systems and is a highly regulated process. Extensive disruption of this homeostasis induces apoptosis, e.g. HD treatment [38, 39] causes pathological and protective responses in the whole body, and leads to various neurological diseases. In our study, apoptosis in the rat sciatic nerve exposed to HD was tested by TUNEL assays. The number of TUNEL-positive cells in the groups exposed to HD was significantly higher than that observed in the control group. This effect was considered to be dose-dependent. These results indicate that HD administration induced neuronal apoptosis in the rat sciatic nerve, which may then subsequently cause neurological disorders and behavioral deficits in the rats.
The PI3K/Akt signaling pathway is commonly regarded as a pivotal pathway for cell survival [40, 41] . Akt plays a major role in the PI3K/Akt signaling pathway. It is widely accepted that Akt phosphorylation inhibits apoptosis. Meanwhile, conversely, apoptosis is induced by the inhibition of Akt phosphorylation [42, 43] . In our study, no significant change was detected in the expression level of the Akt protein in rat sciatic nerve between the HD-exposed groups and the control group. However, the expression level of p-Akt in rat sciatic nerve was significantly lower in the group exposed to HD than in the control group. Additionally, in vitro results, from experiments using VSC4.1 cells, show that HD exposure down-regulates p-Akt expression, which is consistent with the current in vivo results. These results indicate that HD inhibits Akt phosphorylation in the rat sciatic nerve.
Bad is one of the apoptosis-inducing members of the Bcl-2 family, and Akt is the main regulator of the pro-apoptotic activity [44] . Previous studies have shown that phosphorylation of Akt can induce Bad phosphorylation, which inactivates Bad [45, 46] . In contrast, inhibition of Akt phosphorylation reduces the expression level of phosphorylated Bad, which in turn activates Bad [47] . Dephosphorylated Bad binds to its anti-apoptotic partner, Bcl-xL, to release Cyt c from the mitochondria, which leads to apoptosis [48, 49] . In our study, the expression levels of Bad and p-Bad in rat sciatic nerve were assessed. There was no significant difference in the Bad expression in rat sciatic nerve between the .05, compared with the results of the group exposed to 100 mg/kg HD; c P<0.05, compared with the results of the group exposed to 200 mg/kg HD; d P<0.05, compared with the results of the control group; e P<0.05, compared with the results of the group exposed to 5 mM HD. HD-exposed group and the control group. However, Bad phosphorylation was significantly lower in the rats exposed to HD than in the control group. These results indicated that HD suppresses Bad phosphorylation in rat sciatic nerve. Notably, the level of dephosphorylated Bad that was bound to Bcl-xL obtained from the mitochondrial fraction of rat sciatic nerve was higher in the group exposed to HD than in the control group by using co-immunoprecipitation. This result confirmed the specificity of the dimerization of Bad with Bcl-xL in the mitochondria. Furthermore, our results also showed that the level of Cyt c in the cytosol fraction was higher in the rats that were exposed to HD than the control group and the level of Cyt c in the mitochondrial fraction was lower in the rats that were exposed to HD than the control group. Supportive evidence were provided by the in vitro experiments, which showed that HD-induced neurotoxicity in VSC4.1 cells was mediated by a significant increase in caspase-3 activity. Interestingly, HD-induced abnormalities and behavioral impairments were rescued by the treatment of a PI3K-specific agonist (IGF-1). These results suggested that HD inhibits the PI3K/Akt signaling pathway, which is involved in HD-induced mitochondrial-dependent apoptosis in rat sciatic nerve.
NGF plays a pivotal role in the regulation of neuronal development, plasticity and disease [50] . Defects in either the expression and modification or the secretion of NGF cause various dysfunctional phenotypes in the nervous system. Our studies indicate that NGF activates the PI3K/Akt signaling pathway, which in turn promotes neuronal survival and growth. Another study also suggested that global deprivation of NGF inactivated the PI3K/Akt signaling pathway and, in contrast, activated mitochondrial apoptosis in cultures of sympathetic neurons in vitro [51] . Moreover, it has been reported that the neuronal apoptosis that was induced by NGF deprivation in sympathetic neurons resulted in massive apoptotic cell death [52] . All of these studies suggest that NGF suppression in the nervous system induces apoptosis through inhibition of the PI3K/Akt signaling.
To verify the neurotoxic effects of HD on NGF, the expression level of NGF was tested in the rat sciatic nerve that was exposed to HD. The expression level of NGF in the rat group exposed to HD was lower than that of the control group. To verify the neurotoxicity of HD in vitro, the expression level of the NGF protein in HD-exposed VSC4.1 cells was tested. The expression of NGF was significantly lower in the cells exposed to HD than in the control group. Additionally, NGF supplementation reversed the apoptotic effect associated with the decreased expression of p-Akt and p-Bad, and the increased activation of mitochondrial apoptosis observed in HD-exposed VSC4.1 cells. However, LY294002 blocked the protective effects of NGF in VSC4.1 cells that were exposed to HD. Taken together, our results indicate that HD inhibited the NGF expression and suppressed NGF, which subsequently induced neuronal apoptosis via the PI3K/Akt signaling pathway in the rat sciatic nerve.
In conclusion, our study showed that HD exposure suppresses the phosphorylation levels of Akt and Bad, increases the dimerization of Bad and Bcl-xL in the mitochondria, leads to the release of cytochrome c from the mitochondria and the activation of caspase-3, and finally induces apoptosis in VSC4.1 cells in vitro and the rat sciatic nerve in vivo. The toxic effects of HD were eliminated by the co-administration of IGF-1. Moreover, HD exposure also inhibited NGF expression. On the other hand, NGF supplementation reversed the decreased expression levels of p-Akt and p-Bad, and also reversed the increased activation of mitochondrial apoptotic pathway in HD-exposed VSC4.1 cells.
